Protective ventilation strategies have been universally embraced because of reduced mortality. The authors tested the hypothesis that tidal volume (V T ) in an in vivo model of mechanical ventilation would modulate bactericidal function of alveolar macrophages (AMs).
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The basic purpose of mechanical ventilation is to support patients whose respiratory systems have failed until adequate function returns. Mechanical ventilation can also relieve respiratory distress in patients for whom the work of breathing has increased. However, traditional approaches to mechanical ventilation have been demonstrated to be a significant contributor to lung injury via up-regulation of local pulmonary inflammatory responses and worsened increased alveolar capillary permeability ( 1, 2, 3, 4, 5 ). The release of inflammatory mediators can increase lung inflammation and contribute to injury to other vital organ systems, thus contributing or sustaining the multiple organ dysfunction syndrome ( 4, 6 ). Mechanical ventilation also induces stress by overstretching of small airways and alveoli due to increased volumes in some regions of the lung, the so called volu-trauma. This continuous cycle of opening and closing of alveolar groups in other regions also causes severe wall stress and surfactant depletion, leading to recruitment-derecruitment injury ( 7, 8 ). Thus, lung injury, or worsened lung injury during mechanical ventilation, is clearly a matter of major concern.
Animal studies show that ventilation using large tidal volumes (V T ) and low PEEP causes the disruption of pulmonary epithelium and endothelium, lung inflammation, atelectasis, hypoxemia, and the release of inflammatory mediators ( 4, 9, 10, 11 ). However, a large prospective study showed that mortality was reduced from 40 to 31% in patients with acute respiratory distress syndrome (ARDS) with the use of a ventilatory strategy that employed low V T and limited plateau pressure to < 30 cm H 2 O ( 12 ). Although it is not known why ventilation at lower V T results in an improved outcome, possibilities include a reduction in injurious lung stretch ( 13, 14 ), less baro-trauma ( 15 ), and diminished inflammatory cytokine production ( 4, 16, 17 ).
Likewise, persons subjected to mechanical ventilation are susceptible to bacterial infections ( 18 ) . Because intubation and mechanical ventilation alter first-line patient defenses, they greatly increase the risk for nosocomial bacterial pneumonia. Lipopolysaccharide (LPS), a component of the cell wall of gram-negative bacteria, is the causative agent of endotoxin shock.
Severe lung injury caused by endotoxin is challenging to control or treat and often causes death.
It is a major complication in the control of infections in many patients. Exposure of the lower respiratory tract to LPS by intratracheal installation of LPS is a common model of acute lung inflammation and ARDS ( 19, 20, 21, 22 ) showed that oxidative stress produced by increased levels of reactive oxygen nitrogen species (RONS) impaired AM antibacterial function.
The objectives of this study were to compare bactericidal function of AMs at low (6 ml/kg) and traditional (12 ml/kg) V T in vivo models of mechanical ventilation. To better mimic the in vivo situation, we then repeated these measurements following infusion of LPS which resulted in significant levels of acute lung injury. Our results indicate that animals treated with LPS and ventilated at traditional V T exhibit the greatest degree of lung injury, however, the AM appears to be a non-contributory participant in provoking injury. µl of 5.6 N NaOH, and the signal was measured using a fluorescent plate reader with excitation at 360 nm, and emission at 450 nm. NO 2 -concentrations were determined using a NaNO 2 standard. Total protein concentration in the BAL was measured using the bicinchoninic acid (BCA) assay (Pierce Biotechnology, Inc., Rockford, IL).
MATERIALS AND METHODS

Measurement of TNF-α.
A 100 mg section of the upper right lung lobes were homogenized in HBSS. Total protein concentration was measured using the BCA protein assay.
TNF-α expression was measured using a sandwich ELISA. Each well of a 96-well plate was coated with purified polyclonal goat anti-rabbit TNF-α (1:250 dilution; BD Biosciences, Mountain View, CA). One mg/ml of protein from homogenized lungs was added into antibody- 
RESULTS
Indices of Lung Injury.
The ratio between partial pressure of arterial oxygen (PaO 2 ) and fraction of inspired oxygen (FiO 2 ) (PaO 2 / FiO 2 ) was used as a measure of lung injury. A decrease in this ratio to < 300 signified the onset of lung injury (Fig. 1) . Lung wet-to-dry weight ratios, BALF protein, and steady state levels of nitrite were used to express indices of inflammatory-mediated lung injury. Lung wet-to-dry weight ratio in the traditional V T group was increased when compared to the low V T group without LPS ( There were no differences in protein concentration between low and traditional V T groups without LPS, however, there was a significant increase in the LPS-treated traditional V T group compared with the LPS-treated low V T group (1407.8 ± 121.4 vs. 934.7 ± 118.2, p < 0.05, Fig.   2B ). Steady state levels of nitrate were significantly increased in the traditional V T group after LPS treatment when compared to the untreated group (13.5 ± 2.5 vs. 0.9 ± 0.3, p < 0.001, Fig.   2C ). There was also a significant difference in steady state levels of nitrate between LPS-treated traditional and low V T groups (13.5 ± 2.5 vs. 6.6 ± 1.1, p < 0.05, Fig. 2C ).
Phagocytosis and Intracellular Killing of K. pneumoniae. Phagocytosis and intracellular
killing of K. pneumoniae was observed by use of quantitative bacterial culture as previously described (5). There were no significant differences in phagocytosis and killing between low and traditional V T groups ( Fig. 3A and 3B ). Phagocytosis was significantly increased only in the LPS-treated low V T group (p < 0.001, Fig. 3A) ; however, killing was significantly increased in both the low and high V T LPS-treated groups (p < 0.01 and p < 0.001, Fig. 3B ). LPS treatment resulted in increased percentage of killing in both low and traditional V T groups when compared to untreated controls (73.5% vs. 33.2% and 70.8% vs. 43.7%, respectively). Treatment with LPS resulted in an influx of neutrophils into the alveolar space, thereby, increasing the BALF neutrophil cell count. We assessed intracellular bacterial killing in both AM and neutrophil cell populations isolated from BALF of LPS-treated animals. There was no significant difference in percentage killing between these two cell types (Fig. 4) .
Immunofluorescent detection of bacterial phagocytosis corroborated our findings in the quantitative bacterial culture assays. Cells were infected with fluorescein-labeled Klebsiella in the presence or absence of 10 µM cytochalasin D. LPS treatment increased phagocytosis of fluorescein-labeled bacteria compared with controls ( Fig. 5A and 5B), whereas, cytochalasin D treatment decreased phagocytosis (data not shown).
ELISA for TNF-α. TNF-α is one of several inflammatory cytokines that have been
shown to be crucial to antibacterial host defense in gram-negative infection. There were no significant differences between ventilatory strategies with regard to TNF-α expression.
However, significantly higher TNF-α levels were seen after intratracheal instillation of LPS (p < 0.001, Fig. 6 ). In both V T groups, ventilation after intratracheal LPS was associated with TNF-α levels five times greater than those seen in the untreated control groups.
IL-8 Immunohistochemistry (IHC).
Lungs were analyzed by IHC for expression of IL-8.
IL-8 staining of bronchoalveolar segments (Fig. 7) was noticeably increased in animals receiving LPS. In fact, staining was greatest in animals ventilated with traditional V T when compared to low V T .
expression after exposing the animals to 6 hrs of the experimental conditions described. IL-8 expression was significantly increased under stimulation of LPS treatment, but further increased when exposed to V T of 12 ml/kg compared to 6 ml/kg (1200 ± 130 vs. 980 ± 20, respectively, p < 0.05, Fig. 8 ). Both increases in V T and stimulation with LPS increased IL-8 expression.
DISCUSSION
The major goal of this study was to determine whether "protective" (6 ml/kg V T ) and ), decreased disruption of the alveolar-capillary barrier ( 11, 33, 34 ), and reduction in injurious lung stretch ( 13, 14 )
. The results of our study show that animals treated with LPS and ventilated with traditional V T displayed the greatest degree of lung injury as per increased wet- ). Interestingly, in our study while wet-to-dry weight ratios were greatest in the "injurious" V T group receiving LPS, it was not significantly greater than the "protective" group treated with LPS probably due to variability, the low number of animals studied and the short duration of ventilation. A study by Peng et al. ( 40 ) showed that inducible nitric oxide synthase (iNOS) gene expression and activity are significantly upregulated by high V T ventilation, are accompanied by nitrotyrosine deposition, mainly in capillary endothelial cells, and correlate with increased lung capillary permeability. However, the animals used in this study were not treated with LPS. Since NO (the product of iNOS induction) is involved in host defense, it is plausible to believe that mechanical ventilation may stimulate or decrease innate immunity.
Effective host defense against lung bacterial infection is primarily dependent on the rapid clearance of the organism from the respiratory tract. Early clearance is mediated by neutrophils and macrophages which must be recruited and activated at the site of infection ( 41 ). Functional impairment or reduction in this population of cells increases host susceptibility to lung infection ( 42, 43 ) . Several studies have shown that injurious ventilation, results in a marked reduction in immune functioning ( 44, 45, 46, 47, 48, 49 ). In our study, there were no significant differences in bacterial phagocytosis and killing between the low and traditional V T groups, although both parameters were slightly increased in the traditional V T group. In fact, while LPS treatment significantly increased phagocytosis in the low V T group and killing in both low and high V T groups, there was no difference between low and traditional V T . Other studies involving ex vivo phagocytosis after LPS treatment show significant increases in AM uptake of degraded lipids ( 50 ) and apoptotic neutrophils ( 51 ). In our study, it is possible that the increased phagocytosis due to LPS treatment is a consequence of ventilation alone, since previous studies reported that LPS had no effect on phagocytosis by AM ( ). In our study, TNF-α and IL-8 expression measured in lung BALF and tissues, respectively, were significantly increased in animals treated with LPS, and increases in animals mechanically ventilated with "traditional" V T were observed. It is possible that conventional or higher-volume mechanical ventilation does not cause a significant release of proinflammatory cytokines. Numerous studies involving proinflammatory cytokine production after high-volume mechanical ventilation have been conducted. Our results, like that of these studies are contradictory but continue to add to the knowledge base of this complex subject matter. Some investigators found increased concentrations of proinflammatory cytokines in lungs subjected to moderate to high-volume ventilation ( 1, 4, 26, 56, 61, 62 ), whereas, others saw no effect on TNF-α production ( 17, 26, 62, 63 ). Clinical studies show that the lower tidal volume ventilation strategy is associated with a greater decrease in plasma cytokine levels and morbidity and mortality in patients with acute lung injury and ARDS ( 3, 12, 16, 32 ).
There are a few limitations associated with the present study. In our rabbit model of acute lung injury, LPS may already be a maximum stimulus for the AMs; therefore, the addition intravenous LPS compared to intratracheal, and used a different animal species, rats. Since the rabbits in our study were ventilated for only 4 h in duration, it may be possible that any effect of ventilation on phagocytosis did not manifest. However, intratracheal delivery of LPS will generally upregulate pulmonary inflammatory responses in a timelier manner.
In conclusion, in this animal model of LPS-induced lung injury, animals ventilated with traditional V T exhibited the greatest degree of lung injury. While the addition of LPS enhanced injury between the tidal volumes prospectively tested, the AM appeared to be a non-contributory participant in provoking injury. Future investigations should be encouraged to reconfirm this observation, but also elucidate additional possible mechanisms by which lower tidal volumes lead to reduced patient mortality. 
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